Two-component signal transduction systems with membrane-embedded sensor histidine kinases are believed to recognize environmental signals and transduce this information over the cellular membrane to influence the activity of a transcription factor to which they are mated. The YycG sensor kinase of Bacillus subtilis, containing two transmembrane helices, is subject to a complicated activity-control circuit involving two other proteins with N-terminal transmembrane helices, YycH and YycI. Truncation studies of YycH and YycI demonstrated that the individual transmembrane helices of these proteins are sufficient to adjust YycG activity, indicating that this control is achieved at the membrane level. A replica exchange molecular dynamics computational approach generated in silico structural models of the transmembrane helix complex that informed mutagenesis studies of the YycI transmembrane helix supporting the accuracy of the in silico model. The results predict that signal recognition by any of the extracellular domains of the sensor histidine kinase YycG or the associated proteins YycH and YycI is transmitted across the cellular membrane by subtle alterations in the positions of the helices within the transmembrane complex of the three proteins.
S
ignal transduction across the cell membrane in bacteria is commonly achieved by using two-component signaltransduction systems. A signal-recognition protein, the sensor histidine kinase, is typically a transmembrane (TM) protein with the capability to sense environmental or cellular stimuli and alter its cytoplasmic autokinase activity in response to these signals. Transfer of the kinase phosphoryl group to a regulatory transcription factor activates or represses the expression of its target genes (reviewed in refs. 1 and 2).
The YycFG two-component system of Bacillus subtilis is one of only a few signal-transduction systems known to be essential for cell viability in bacterial organisms, and orthologous systems are conserved by the low GϩC Gram-positive bacteria (3) . The high-GϩC Gram-positive Actinomyces also conserve an essential two-component system, the MtrAB system (reviewed in ref. 4) . Both the YycFG and the MtrAB systems appear to play a role in regulating cell-wall turnover and cell division in their respective organisms, suggesting that most, if not all, Gram-positive organisms have embedded a two-component signal-transduction system in the regulation of these important processes.
The YycFG two-component system has been extensively studied in B. subtilis, Staphylococcus aureus, and Streptococcus pneumoniae. Recent work established the YycF regulon (i.e., the genes whose expression is controlled by this system) in these bacteria (5) (6) (7) . The majority of gene products under YycF control in all three organisms are involved in cell-wall metabolism, although the precise genes differ from organism to organism. In B. subtilis, the essential cell division proteins FtsZ and FtsA are also part of the YycF regulon, although they are also responsive to control by other factors (8) .
Little is known of the signals and factors that regulate the autohistidine kinase activity of the YycG sensor kinase and hence the phosphorylation state of the YycF response regulator. Our recent work identified two auxiliary proteins, YycH and YycI, that directly interact with and modulate the activity of the YycG kinase (9) . Genes encoding these proteins are expressed along with yycF and yycG from the same operon. Both proteins are localized to the periplasm and are tethered to the membrane via a single N-terminal TM helix (9, 10) . Crystal structures of the soluble parts of both proteins reveal a shared fold over two domains (11, 12) . The novelty of this fold precluded immediate predictions as to how these proteins perform their function.
To determine the role these proteins play in the signaling process, a combined mutagenesis and computational-modeling approach using Replica Exchange Molecular Dynamics simulations (REX MD) was undertaken. The results show that the TM helices of both YycH and YycI proteins interact in a complex with the TM helices of YycG, and this interaction affects the activity of the YycG sensor histidine kinase. REX MD simulations were used to generate an assembled structure of the TM helices of the three proteins. Mutagenesis experiments of the TM helix of YycI were consistent with the predicted structure. The results indicate that the YycG sensor histidine kinase exists in the membrane as a complex with YycH and YycI proteins, assembled through their TM helices, and predicts that signal recognition may influence kinase function by subtle alterations in the structure of this TM complex. mutagenesis of a sample of the very few highly conserved residues in both proteins (namely D333, Y410, and W429 for YycH and E153 for YycI) had no effect on the ability of these proteins to complement the respective deletion strains (data not shown). Similarly surprising was the observation that mutation of the Ca 2ϩ coordinating residues D69 and D70 of YycH to alanine did not compromise the protein's activity.
Because single amino acid mutations had no effect, the YycH protein was truncated for individual domains, either internally or from the C terminus (YycH ⌬391-455 , YycH ⌬229 -455 , YycH ⌬61-231ϩ⌬391-455, YycH ⌬61-455 ). The objective was to see whether any of the individual domains were dispensable for YycG kinase activity modulation. Surprisingly, every truncation construct was capable, fully or nearly so, of complementing the respective deletion strain (Fig. 1A) .
The shortest active truncation construct contained only the 60 N-terminal amino acids. These include the export sequence, the putative TM helix, and a short unstructured loop region that ensures the extracytoplasmic domains localize in this cellular compartment. Similarly, when expressing a gene coding for either 198, 55, or 35 N-terminal amino acids of YycI in the yycI deletion strain JH25022, full complementation was observed (Fig. 1B) . The results showed that the TM helix of YycH or YycI was responsible for YycG kinase activity modulation; the extracytoplasmic domains of either protein are unnecessary for complementation. However, the experimental design left one or the other extracytoplasmic domain intact in the complementation studies.
Because the two C-terminal domains of YycH and YycI share a similar fold, it is possible that these two extracytoplasmic domains have some functional redundancy. If this were true, both TM helices but only one of the extracytoplasmic domains of either YycH or YycI would be required for full complementation of the respective deletion strains. To assess this possibility, a plasmid was constructed that expressed genes coding for both TM helix segments of YycH or YycI but none of the extracytoplasmic domains. This plasmid was transformed in the doubledeletion ⌬yycH ⌬yycI strain JH25031. The transformants showed a growth profile and a yocH expression pattern identical to the wild-type strain (data not shown). In contrast expression of either one of the TM helices individually was not capable of complementing the double-deletion strain. Therefore, the TM helices of both YycH and YycI, but neither of their extracytoplasmic parts, appear to be required to modulate the activity of the YycG kinase.
YycGHI TM Helix Model Derived from REX MD Simulations. The major question posed by the complementation results is whether the YycH and YycI TM helices interact directly with those of YycG to affect kinase activity and, if so, what is the nature of the interactions between these helices? To address this problem we computationally constructed model complexes of TM helix structures by using REX MD calculations and used these models to inform additional mutation studies. Structural studies of TM helix complexes are challenging because of the hydrophobic nature of the TM helical interfaces. REX MD simulations and an implicit membrane model have been used successfully in the past to predict structures of TM helical proteins (13) . REX induces a nontrivial random walk in temperature space and enhances the sampling of the conformational space enabling the development of multihelical complex structures.
The YycGHI complex was assembled based on the following assumptions: (i) YycG is dimeric, reminiscent of all other sensor histidine kinases studied to date and consistent with bacterial two-hybrid data (9) (ii). The TM helices of YycH and YycI do not form homodimers. This assumption was based on the observation that the soluble part of YycH crystallized as a monomer (12) . YycI does crystallize as a dimer, but the N termini are too far apart to allow dimer formation of the TM helices (11) .
As a result of the REX MD simulations, 3,000 individual structures were assembled and characterized by subsequent structural-clustering analysis. In general, the most representative structure (i.e., the centroid structure of the largest cluster) is the most stable one and therefore the one of likely physiological relevance. This served as the starting point for subsequent simulation steps unless noted otherwise. TM helical stretches were identified as described in Materials and Methods.
In a first step, the monomeric TM complex of YycG was assembled from individual TM helices 1 and 2. As a result of the simulations, two major clusters were observed containing 44% and 41% of the sampled structures, respectively. Both clusters showed similar interaction interfaces, differing only in side-chain positions; this provided us with confidence that the monomer model was unique. The centroid conformation from the 44% occupied cluster was chosen for construction of the dimer.
The dimer of heterodimeric YycG TM helices was constructed by imposing twofold rotational symmetry during REX MD sampling. Sampled structures of the dimer also yielded two major clusters (containing 37% and 28% of the structures, respectively); however with very different dimer interfaces. The most populated structure could be eliminated because the TM2 helices were quite far apart (32 Å). This is inconsistent with the fact that YycG contains a HAMP domain as a direct C-terminal extension of TM helix 2 (14) . The structure of such a HAMP domain with 35% amino acid sequence identity to YycG has been solved recently and forms a dimer (15) . The physiological relevance of this dimer structure in signaling proteins was recently confirmed in a disulfide cross-linking approach (16) . Accordingly, the placement of TM2 helices of the YycG dimer has to accommodate the HAMP domain dimer structure. The placement of TM2 helices in the second most prominent cluster (18 Å apart) is in reasonable agreement with the HAMP domain structure (17 Å) and was therefore chosen for ensuing simulations (data not shown).
Subsequently, either YycH or YycI TM helices were annealed independently to the YycG dimer structure. Only the largest clusters (35% population for YycGI and 30% population for YycGH) appeared reasonable, because structures in the other contained partially unfolded helices. The results suggested that both YycH and YycI interact with YycG in a similar manner. Nand C-terminal hydrophobic clusters and a central hydrophilic interaction between D18 of YycI and Q27 of YycG, or between a S18/T22 pair in YycH and Q27 in YycG, stabilize the interactions [supporting information (SI) Fig. S1 ].
If YycH and YycI TM helices indeed interact with YycG in the same manner, yet they cannot cross-complement each other, they have to differ in at least one aspect. This difference must be at the interface of their TM helices. Thus, the YycGHI ternary complex was constructed in the final step by annealing the YycH TM helix to the YycGI TM helical complex. A representative structure of the largest cluster containing 53% of the sampled structures was considered the final YycGIH TM helix model (Fig. 2) . Particularly noteworthy is the observation that YycH and YycI are predicted to interact with each other at an interface distinct from their respective YycG interaction interfaces. Hence, the predicted YycH interface is membrane-exposed in the YycGIH complex. This would, in theory, allow YycH and YycI to tether the cellular YycG pool in a large complex of low kinase activity, although no experimental evidence for such a complex exists.
TM Helices of YycG, YycH, and YycI Contain Highly Conserved Residues.
We previously noted the high conservation of several residues within the YycH TM helix, in stark contrast to the remainder of the molecule, which is poorly conserved in sequence among different bacterial species of the firmicutes. We suggested that some of these residues might be involved in homo-or heterointeractions with other TM helices (12) . TM helices of YycI and YycG show some similarly highly conserved residues (Fig. 3.) . Particularly noteworthy are a conserved N or D residue at position 18 of YycI and a conserved Q or E residue at position 27 in YycG. Along with an SXXX[S/T] motif (where X represents a random amino acid) conserved in the TM helix of YycH, these residues represent prime motifs to support interaction of TM helices (reviewed in ref. 17) . The conserved hydrophilic residues are in hydrogen bond distance in the in silico-derived TM complex models (i.e., the D18 residue of YycI and the S18 and T22 residues of YycH with Q27 of YycG), giving some immediate merit to the accuracy of the REX MD simulations. Additionally, highly conserved hydrophobic residues positioned N-and C-terminal to the hydrophilic residues in the TM helices of the three proteins are also predicted to make contact in the computational model (Fig. S1) .
A YycI TM Helix Mutant Scanning Approach Supports the in Silico TM
Complex Model. To address the validity of the in silico-derived model, we initially changed a few of the most conserved residues in the TM helices of YycH (mutations S18A, S18F, T22A, T22F, and W26A) and YycI (mutations F10A, F14A, D18A, L21A, and Y25A), respectively. The YycH TM helix seemed robust to mutagenesis; some mutations in the highly conserved S18 (to A or F) and T22 (to A) residues had no effect on YycF-dependent yocHlacZ expression. The T22F and W26A mutations resulted in only moderate changes in yocH expression (data not shown). In contrast to the YycH mutants, all initial mutations in the YycI TM helix had at least a 1.5-fold effect on expression of the yocH-lacZ reporter construct.
Given this initial success in identifying important YycI residues, we undertook a scanning mutagenesis of the entire TM helix of YycI by changing S, G, A, and V residues to F and D, F, Y, I, L, and Q to A (strains JH25039-57). We then addressed the effect these mutations had on the ability to complement the yycI deletion in the strains by measuring YycF-dependent expression of the yocH-lacZ reporter. With the exception of the F26A mutation, all mutant proteins were expressed at wild-type levels, as visualized immunologically by Western blots (data not shown). The L21A mutant could not be constructed, perhaps because of toxicity in Escherichia coli. Unlike any of the point mutations made in the extracytoplasmic portion of the YycI and YycH proteins, a large number of TM mutations had an effect on the ability of YycI to modulate the activity of the YycG kinase (Fig. 4A) . When mapping these results onto an idealized YycI TM helix, it became apparent that the mutations that have either a negative or a positive effect on the ability of YycI to modulate YycG activity occupy distinct faces of the TM helix (Fig. 4B) . When mapping these mutants in the YycGHI TM helix complex, it became evident that mutation of any of the seven residues that were predicted to be membrane-exposed, i.e., not interacting with another TM helix, resulted in near-wild-type yocH expression. Upon mutagenesis of the 13 YycI TM residues whose side chains were predicted to interact with either the TM helix of YycG or YycH or both, one could not be made, one did not express, and 8 of the remaining 11 had at least a 1.5-fold effect on expression of the yocH gene. The data indicate that the REX MD-derived structural model is remarkably consistent with the YycI mutagenesis data. The highly conserved Q27 residue of YycG TM1, predicted to interact with D18 of YycI and S18/T22 of YycH in silico, was also changed to alanine and introduced at its native locus (JH25059). We expected that replacement of wild-type yycG with this mutant copy would result in increased kinase activity as observed for the YycI D18A mutant. However, yocH-lacZ expression in this mutant strain was identical to that in the control strain JH25058, carrying a wild-type copy of yycG in the same genetic background (data not shown). This was particularly surprising given the high conservation of this residue. Additional studies using REX MD simulations to determine the effect the YycI D18A and the YycG Q27A mutations would have on the in silico complex assembly predicted the YycG Q27A and YycI D18A mutations to have very different effects on the structure of the YycGI complex. The YycG Q27A mutation should not result in a significant change in the YycG/YycI interaction interface, consistent with mutagenesis results. On the contrary, the YycI mutation was predicted to have a relatively large structural change in the interaction surface with YycG, also consistent with mutagenesis data (Fig. S2) .
Discussion
The majority of the sensor histidine kinases of two-component systems are embedded in the membrane, and, because of their location, they are thought to sense signals from the environment or signals associated with the cell wall or cellular membrane. The essential YycG kinase is a prototypical histidine kinase with common domain elements including two TM helices, an extracytoplasmic domain predicted to adopt a PAS-like fold, cytoplasmic HAMP and PAS domains and the catalytic core of ) to alanine. Mutated YycI proteins were expressed in trans from the thrC locus in the yycI deletion strain JH25022. The F26A mutation did not express, and the L22A mutant could not be made (A) Expression of the yocH-lacZ reporter strain was determined in ␤-glactosidase-specific activity at 2 hours past the onset of stationary phase and normalized by expression of yocH in the same strain complemented with wild-type yycl. A onefold yocH expression is therefore identical to the expression of yocH in the wild-type strain. Mutations that afford yocH expression of Ͼ1.5 times that of the wild-type strain are depicted in red, and mutations that afford yocH expression of Ͻ0.66 times that of wild type are depicted in blue. Error bars represent the standard deviation from at least two independently performed experiments. (B) Individual residues along an idealized YycI TM helix are depicted according to the same color code. The two mutants that were either not made or did not express are shown in white. (C) In support of the computational TM helix complex model, it becomes apparent that seven of seven (100%) residues in YycI that are predicted to interact with neither YycH nor YycG did not have a significant effect when mutated. Additionally 8 of 11 (73%) mutated interface residues that make contact with either YycH or YycG show a Ͼ1.5-fold change of yocH expression.
HisKA and HATPasec domains (11, 14) . Both the extracytoplasmic and the cytoplasmic PAS domains may serve as signal sensors. Moreover, the membrane-associated proteins YycH and YycI were known to affect the YycG kinase activity, perhaps by interaction with the putative extracytoplasmic PAS domain of the YycG kinase (9) . The evidence for this proposed functional association came from deletion studies of yycH and yycI; either deletion resulted in an overactive unregulated YycG kinase. The site-directed mutations of the extracytoplasmic domains of YycH and YycI and the domain truncation experiments of these proteins in this study lead to the inevitable conclusion that the TM helices of these proteins are sufficient to control the activity of the YycG kinase.
Previously conducted two-hybrid studies along with the current results indicated that the TM helices of both YycH and YycI proteins were normally associated with the TM helices of YycG kinase. A biochemical study of structure and function of such TM helix complexes to determine how they interact is notoriously difficult because of the hydrophobic nature of these elements. Furthermore, in our own experience, many TM proteins of Gram-positive organisms are toxic to an E. coli overexpression host, and are difficult to produce in large enough quantities to allow for biochemical studies. As an alternative solution to obtaining a general picture of the assembled structure of these proteins, REX MD simulations combined with an implicit membrane model were applied to their TM helices. The simulations generated several structural models of the TM helical complexes that informed further mutational analysis. The remarkable consistency of the final model with both sequence conservation data and mutagenesis data of the YycI TM helix underscores the versatility of this combined approach. Mutagenesis of several residues in the TM helices of YycH (S18, T22, and W26) and of YycG (Q27) had little or no effect on YycG activity. In the case of the YycG mutant Q27A this was shown to be consistent with REX MD simulation. Supported by the fact that these residues are highly conserved among orthologs, it is likely that the failure of these mutants to produce a phenotype does not reflect a failure in the modeling approach but rather a robustness of the YycG and YycH TM helix interactions to mutagenesis of single residues. Perhaps the sensitivity of the YycI TM helix to mutation of the majority of interaction surface residues is more surprising than this proposed robustness of the YycH and YycG TM helices.
Given the identified interactions, it is not surprising that the TM helices of all three proteins conserve several positions highly. Engelman and colleagues (17) have recognized and characterized the importance of specific residues and sequence motifs for the interaction between ␣-helices positioned in a membrane environment. In the YycG and YycI TM helices, polar residues Q27 and D18, respectively, are conserved. In the YycH TM, the conserved S18/T22 pair of residues occupies the same face of the helix. These residues along with several other highly conserved hydrophobic residues are in contact in the REX MD complex models. The D18A mutation in YycI results in one of the most severe defects in its ability to modulate the activity of YycG.
One of the surprising results of the REX MD simulations is that YycH and YycI are predicted to interact with the same TM helix surface of YycG. Hence, the proteins do not only share a common fold in their extracytoplasmic domains, but the TM helices can also adopt a similar surface structure on one face of the helix. Because the predicted interface between YycH and YycI is distinct from their interface with YycG the implication of this model is that the two proteins tether the cellular YycG pool in a large complex (with Fig. 2 representing a subunit of the higher-order complex). We can not exclude the possibility that the extracytoplasmic domains might sterically interfere with the formation of a higher-order complex. Hence, it remains to be seen whether such a large complex does exist and, if so, what the functional meaning of the complex is. It should be noted that a significant body of evidence suggests that the chemotaxis receptors of E. coli, and likely other organisms, form a large complex with the ability to laterally transfer a signal from one to another receptor molecule, thereby increasing the sensitivity of the signaling complex (reviewed in ref. 18) . Perhaps the putative YycGHI complex would serve a similar function.
The question remains as to the function of the extracytoplasmic domains of YycH and YycI. The orthologous VicRK system of the Streptococci conserves the essentiality and the global function in regulating cell-wall metabolic processes but it is missing the YycH and YycI proteins in contrast to all other YycFG-containing organisms. Additionally, the VicK kinase is truncated for both the extracytoplasmic sensing domain and the most N-terminal TM helix of YycG (14) . Hence, the VicK kinase has lost part of the input elements found in the YycG kinase, maintaining only the cytoplasmic PAS and HAMP domains and perhaps the single N-terminal TM helix as putative input elements. This suggests that the complex of the extracytoplasmic elements of the three proteins YycG, YycH, and YycI serves to respond to additional signals that are not present or recognized in the Streptococci. If the periplasmic domains of YycH and YycI indeed serve a sensor function, the fact that the TM helices were sufficient for complementation of the deletion strains suggests that (i) the Yyc regulatory signals are not present in pure cultures grown in complex medium, and (ii) the influence of these signals would be to release the inhibition of YycG autokinase activity.
The TM helices of YycG, YycH, and YycI are present in the membrane as a complex that connects the extracytoplasmic signaling domains to the cytoplasmic HAMP domain and kinase activation. This association does not preclude additional membrane proteins from influencing YycG activity by binding to this structure. Furthermore, the cytoplasmic PAS domain is likely to play a crucial role in signal transmission from the HAMP domain, perhaps by binding a specific ligand. This multiplicity of potential signaling domains implies that numerous signals regulate YycG activity.
Materials and Methods
Growth Media and Conditions. All E. coli and B. subtilis strains were grown in LB in the presence of appropriate antibiotics whenever necessary. Antibiotic concentrations were 100 g/ml ampicillin or 30 g/ml kanamycin for E. coli and 5 g/ml of kanamycin, 0.5 g/ml erythromycin/12.5 g/ml lincomycin or 100 g/ml of spectinomycin for B. subtilis.
Strain and Plasmid Construction. All B. subtilis strains were derived from strain JH642. Tables listing strains, plasmids, and oligonucleotides used are available  in Tables S1-S3 .
Point mutations and truncations of yycH or yycI were introduced by PCR with inverted primers and standard techniques either in shuttle vector pHT315S or thrC integration plasmid pDG1664 harboring the respective genes under P spac promoter control. The YycG mutation was delivered by double cross-over in its native locus by using the pJM134 vector harboring yycFG upstream and P spac-yycH downstream of the spc R gene. For detailed strain and plasmid construction see SI Text.
Immunoblotting. YycG, YycH, and YycI whole-cell protein levels were determined immunologically by the Western blotting technique as described for YycG (10) .
␤-Galactosidase Assay. YycF dependent expression of the yocH-lacZ reporter construct was determined, and ␤-galactosidase-specific activity was calculated in Miller Units as described (19) . A detailed protocol is available in SI Text.
Identification of TM Helices. Putative TM helices for YycG, YycH, and YycI were identified as described (20) .
TM Helix Alignment and Generation of HMM Logos. HMM sequence logos were generated by using the WebLogo tool (http://weblogo.berkeley.edu) (21) . For details see SI Text.
In Silico Modeling of the YycGHI TM Helix Complex. REX MD (22) simulations were performed for 4 -10 ns to sample the structures. The CLUSTER facility in the MMTSB Tool Set (23) was used to cluster the structures generated from each REX MD simulation for each complex after convergence of the population in the low-temperature window was observed. The structure located at the center of the largest cluster (cluster centroid) was chosen as the predicted helical structure unless noted otherwise. The MMTSB package was used to control the REX MD simulations. Sixteen replicas were used, distributed over an exponentially spaced temperature range from 300 K to 600 K to sample the configurational space of YycG monomeric structures for 10 ns and 32 or 48 replicas from 300 K to 1,000 K to sample the configurational space of subsequent complex structures for 4 ns. A cylindrical harmonic restraint with a 50-Å radius and a force constant 1.0 kcal/(mol⅐Å 2 ) was applied to prevent the helices from drifting away from each other. (Note that this is much larger than the radius of any complex structure studied here.)
The implicit solvent/implicit membrane GBSW module (24) in the CHARMM program (25) was used to represent the membrane environment. The allhydrogen parameter set PARAM22 (26) of the CHARMM force field was used. The parameters describing the membrane in our GB model used 0.04 kcal/ (mol⅐Å 2 ) for the surface-tension coefficient, representing the nonpolar solvation energy, 30 Å for the thickness of the membrane hydrophobic core, and 5 Å for a membrane smoothing length over which the hydrophobic region is gradually changed to the solvent region. The planar membrane is perpendicular to the z axis and centered at z ϭ 0. For details on the individual steps of the YycGHI complex assembly, see SI Text.
